E a r l y l i f e P e t e r D a n c k w e r t s was b o rn at E m sw o rth in H am p sh ire and was the oldest am ong tw o o th er b ro th ers and tw o sisters. H is father, V ictor D anckw erts, C .M .G ., died on active service as a V ice-A dm iral in 1943, b u t P e te r's m o th er, nee Joyce M id d leto n , survived him and was 97 at the tim e of P e te r's death. O n th e fa th e r's side th e fam ily w ere of G erm an extraction b u t for som e generations had lived in B ritain. A g ran d fath er had been a highly successful Q . C . and an uncle becam e a L o rd Justice of A ppeal.
H aving this naval and legal back g ro u n d it is perhaps su rp risin g th a t P eter chose a very different career. It seems th a t from an early age he knew th a t he w anted to becom e a chem ist and, w hile still a schoolboy, he created for him self a lab oratory in one of the attics at his hom e. T h e re he prep ared sam ples of gun p o w d er and n itrogen iodide, and also co n stru cted a W im sh u rst m achine. H is fascination w ith explosives was to stand him in good stead d u rin g W orld W ar II.
In his ow n autobiographical notes P eter spoke of spending m any weary hours at school on L atin and G reek. N evertheless he was grateful to his 'p re p -sc h o o l' and to W in ch ester College for having given him an excellent grounding in chem istry and physics, to g eth er w ith the w riting of English. In 1934 he was aw arded a scholarship to Balliol College, b u t before taking it up he spent a year on vacation in A ustria, 'th at charm ed c o u n try ' as he called it. T h ere after he w ent up to O xford for the degree course in chem istry, w hich he described as having been singularly lacking in alm ost any m athem atics. W hat came as a surprise to m e was to learn th at he did some singing at Balliol and was a m em b er of the choir. H e referred to it as M r T ed H e a th 's G lee C lub! D u rin g a short period (1939-40) P eter held a post in a small chem ical 99 com pany, b u t soon gave it up to becom e a S u b -L ie u te n a n t in the R .N .V .R . for train in g in b o m b disposal. H e was po sted as B om b D isposal Officer to the P o rt of L o n d o n in tim e for the begin n in g of th e Blitz in S ep tem b er 1940, and was su b seq u en tly aw arded th e G eorge C ross for his ou tstan d in g bravery in th a t w ork. A lthough P eter was diffident about giving details to his friends, reasonably consistent accounts of the basis of his aw ard are available in books by J. F. T u rn e r (1955 ), Ian Bisset (1961 and C o n stan tin e F itzgibbon (1971) . It seems th a t, d u rin g his sh o rt p eriod of train in g , P eter learnt about the defusing of bom bs b u t had been given no in fo rm atio n on how to deal w ith m agnetic m ines, w hose use by th e Luftw affe on B ritish cities had n o t been foreseen. N evertheless, w hen an A .R .P . C ontroller rang him up one n ig h t to rep o rt the d ro p p in g of som e m ines on a S outh L o n d o n su b u rb , P eter v o lunteered to try to defuse them . T h is he did very successfully, although w ith m akeshift tools n o t ad ap ted to m ines and at great personal risk. O n one occasion he w orked alm ost w ithout rest for 48 hours and dealt w ith 16 m ines. H e said th a t one of the essentials to bom b or m ine disposal was a good ball of string! T h is was for the final yanking o u t of the fuse from a safe distance once it had been unscrew ed from the bom b or m ine casing. A pp aren tly , d u rin g one of his early defusings, the string becam e entangled in a rose b u sh , b u t fortunately all ended well.
At a later stage of the w ar P eter did bom b disposal w ork abroad and was w ounded in a m ine field in Sicily. In 1944 he was tran sferred to the C om bined O perations H ead q u arters in W hitehall, w here he shared an office w ith J. D. B ernal. N o details are available of his activities w ith C .O .H .Q ., b u t in his notes he spoke of his enjoym ent in the setting off of large quantities of explosives d u rin g trials. P e te r's w artim e work, for w hich he was also aw arded the M .B .E ., was thus of a piece w ith his boyhood enthusiasm s. H ow ever, w hen obliged to consider w hat he should do after the war, he decided on chem ical engineering rath e r than chem istry itself. C hem ical engineering had already m ade great strides in the U .S .A . and degrees in the subject were offered at m any A m erican universities. A ccordingly P eter applied for, and obtained, a C om m onw ealth F u n d Fellow ship for the stu d y of chem ical engineering at M .I.T ., w hich was one of the best-know n centres for its teaching and research. H e com plained of experiencing a 'cu ltu ral sh o ck ' at the outset of his first visit to A m erica. N evertheless he becam e im m ensely appreciative of the U .S . and of M .I.T . in p articu lar. H e retu rn ed to B ritain in 1948 com plete w ith a M a ste r's D egree in C hem ical E ngineering Practice. E a r l y p r o f e s s i o n a l c a r e e r Cambridge, 1948-54; U . K . A tom ic Energy , 1954-56; Im perial C o l l e g e , 1956-59 As m en tio n ed above, P eter D an ck w erts held an in d u strial post for a sh o rt period in 1939-40, after g rad u atin g at O xford and before train in g for b o m b disposal. H is professional career really began in 1948 w hen he jo in ed the staff of th e new ly form ed chem ical eng in eerin g d e p artm en t at C am b rid g e. T h is d ep a rtm e n t had been created th ro u g h a generous benefaction to the un iv ersity from the Shell g ro u p of com panies. T h is was largely at the in stigation of M r O riel, one of the co m p an y 's chief executives, w ho had u n d ersto o d the need for a m ore vigorous dev elo p m en t of chem ical en g ineering th an had yet been achieved in B ritain.
T h e first Shell pro fesso r was T . R. C. Fox . H e was a C am bridge g rad u ate in m echanical eng in eerin g and had spent some years at the I.C .I. B illingham D ivision before retu rn in g to C am b rid g e as a lectu rer in the engineering d ep artm en t. H e was a m an of o u tstan d in g ability and was a Fellow of K in g 's College. H aving this I.C .I. chem ical experience, and being fam iliar w ith the w ays of the university, he was in all respects an excellent ap p o in tm en t. H ow ever, he wisely insisted on spending a year studying chem ical engineering at various A m erican universities and it was at M .I.T . th a t he m et D anckw erts.
H aving com pleted this A m erican to u r, Fox proceeded to assem ble the staff for the new C am bridge d ep artm en t. D anckw erts was a n atural choice and he was ap p o in ted in 1948. O th ers w ho were ap p o in ted were M r Stanley Sellers from M an ch ester Oil Refinery and B.P. L td , D r J. M . K ay, a C am bridge m echanical engineer, and myself. I had know n Fox at B illingham w here we were contem poraries.
It was d u rin g the next six years at C am bridge th at I cam e to know Peter. It was a strenuous p eriod and especially so because chem ical engineering had to establish its ' respectability ' in the face of m any of the dons who had d o u b ted its suitability for the ancient university. F o rtu n ately Fox had ju st the rigorous and analytical qualities of m ind th at were required to achieve this. H e did a trem en d o u s task in attaining esteem for the new dep artm en t.
I believe we had 8 stu d en ts in the first intake and only 5 in the second. B ut th ereafter the d ep artm en t becam e well know n and, by the tim e P eter left in 1954, the n u m b er of stu d en ts in each year of the tw o-year course had risen to betw een 15 and 20.
A lthough P eter greatly distinguished him self in research in those days at C am bridge, I th in k he felt th a t he had not yet obtained sufficient industrial experience. A ccordingly he accepted an invitation to join the In d u strial G ro u p of the U .K . A tom ic Energy A uth o rity at Risley. His app o in tm en t was as D ep u ty to D r L eonard R otherham , F .R .S ., who at th at tim e was D irecto r of R esearch and D evelopm ent to the G roup.
In this ap p o in tm en t P eter was very effective in the feeding in of new ideas, of a chem ical-engineering character, b u t he seem s n ot to have relished the ad m in istrativ e side of his duties.
It was th u s fo rtu n ate th a t in 1956 he fou n d a m uch m ore congenial ap p o in tm en t as P rofessor of C hem ical E n g in eerin g Science at Im p erial College. T h is was a new ly created chair w ith in the D ep a rtm e n t w here D. M . N ew itt, F .R .S ., was C o u rta u ld 's P rofessor of C hem ical E n g in eering and A. R. U b b elo h d e, F .R .S ., was P rofessor of T h erm o d y n am ics. D u rin g his three years in this d e p artm en t P eter did m u ch research b u t he also played a significant p art in the affairs of Im p erial College. M ost notably he was the m oving sp irit in g ettin g N u clear T ech n o lo g y accepted as a subject for degree studies w ithin his d ep artm en t. B ut his stay at the College was rath e r short. In 1959 T eren ce Fox resigned from the C am bridge C hair, d u e to ill health, and D anckw erts was quickly a p pointed as his successor. T h e w hole p eriod was one of great expansion in th e size of the C am bridge d ep artm en t. T h e stu d en t en try rose from ab o u t 20 a year to over 30, and the staff grew p ro p o rtio n ately . P e te r's m ain co n trib u tio n to the teaching was the in tro d u ctio n of the D esign P roject, w hose value he had learnt at M .I.T . F u rth e r changes in the teaching p attern arose as a consequence of the reform of the N atu ral Sciences T rip o s in 1967; w hat had previously been called th e Q ualifying E xam ination for en try into the chem ical engineering course becam e P art I of the C hem ical E ngineering T rip o s, taken at the end of the s tu d e n t's th ird year, and th e final exam ination, taken at the end of the fo u rth year, becam e P art II. T h ese changes allowed the d ep artm en tal course on F lu id M echanics and H eat T ran sfer to becom e p art of th e second-year course in the N atu ral Sciences T rip o s.
P e te r's largest co n trib u tio n to the d ep artm en t was the attain m en t of a diversification of the research activities, w ith increased em phasis on the naturally close relation betw een chem ical engineering and chem istry. F o r exam ple, he in itiated studies on coal com bustion, arising from a consultancy he held w ith th e N ational Coal B oard establishm ent at Stoke O rchard, and he also encouraged staff m em bers to do researches on organom etallic com pounds and on the flow of granular m aterials. P e te r's own very active researches will be described in the next section of this m em oir.
H e had early ap p reciated the great p o ten tialities of co m p u ters and had seen to it th a t th e C am b rid g e d e p artm en t was th e first chem ical engineering d e p a rtm e n t in B ritain to have its ow n co m p u ter, an I.B .M . 1620 . H e was sim ilarly far-seeing by creatin g an electronics service u n it w ithin the d ep artm en t.
D an ck w erts's relatio n sh ip w ith the m em b ers of his staff was an easy one. H e and his wife L avinia (nee M acfarlane), w ho w ere m arried in 1960, w ere very hospitable. H er freq u en t d in n er parties for staff, research stu d en ts and visitors w ere of great value in the b u ild in g up of frien d sh ip s betw een the spouses and staff m em bers.
P eter avoided co m m ittee m em b ersh ip as far as was possible, b u t nevertheless sat on th e B oard of G rad u ate S tudies of th e U n iv ersity and also atten d ed F aculty B oards w hen the business req u ired him .
In 1959 he was elected to a Professorial F ellow ship at P em broke College and co n tin u ed as a Fellow u ntil his death. O ne of his great services to the College was his proposal for the fo u n d in g of a schem e of S choolm aster Fellow C om m onerships. S choolm asters w ere to be p ro vided w ith College accom m odation and full dining rights d u rin g a visit, lasting a term , to one of th e applied science d ep artm en ts. All expenses for the schem e w ere paid for from the D ep artm en tal Shell F u n d . T h is proposal was taken u p by P em broke College and su b seq u en tly by other C am bridge Colleges. It was in stru m en tal in developing stro n g er links betw een the U niversity and the schools, and it p robably b ro u g h t m any extra stu d en ts to the stu d y of A pplied Science and E ngineering.
D anckw erts was m uch sought after for visits to o th er universities and to various industrial and national research laboratories. H is lecturing style was good, b u t his visits w ere perhaps m ost appreciated for his w illingness to enter into long discussions on cu rren t research. A m ong the countries he visited w ere th e U .S .A ., U .S .S .R ., Japan and India. In the latter country one of his ow n research stu d en ts, M . M . S harm a, becam e professor at the U n iv ersity of B om bay and one of the leading chem ical engineers in India. T h is assisted in th e b u ilding up of close relations betw een the C am bridge d ep artm en t and chem ical engineering in th at country.
(b) Other activities
D u rin g his early days in the d ep artm en t P eter took a p ro m in en t part in the w ork of the In stitu tio n of C hem ical Engineers. H e becam e a m em ber of its C ouncil and was P resident d u rin g 1965 and 1966 . H e founded the In s titu tio n 's E xploratory C om m ittee, and this body created a system of industrial fellow ships w hereby lecturers in chem ical en g in eering could take a y ear's leave to fam iliarize them selves b etter w ith the kinds of research th at w ere needed in the chem ical in d u stry ; some notable published reports w ere th u s generated.
A n o th er of D an ck w erts's im p o rtan t services to chem ical engineering was on behalf of th e jo u rn al Chemical Engineering Science, w hich was published by P ergam on Press. It was in itiated by D r R osbaud, on b ehalf of the Press, and was conceived as strongly intern atio n al in ch aracter and as serving the interests of m athem atically inclined chem ical engineers, as well as experim entalists. P eter becam e its E xecutive E d ito r and was able to use his wide circle of friends and acquaintances to achieve the rigorous refereeing of papers su b m itted for p u b lication. T h e jo u rn al was, and continues to be, a great success, due largely to the care given to it by D anckw erts. H e con tin u ed as Executive E d ito r u n til 1983 and in th a t year R obert M axw ell gave a d in n e r in his h o n o u r at C hu rch ill College.
In 1985 Pergam on P ress generously endow ed an annual lecture to com m em orate D an ck w erts; the lecture is to be u n d er th e auspices of the In stitu tio n of C hem ical E ngineers. A t the sam e tim e P ergam on Press also endow ed a ' D an ck w erts-M ax w ell ' prize, to be aw arded each year for the research stu d en t su b m ittin g the best d issertatio n for the P h .D . degree in the D ep artm en t of C hem ical E ngineering, C am bridge. T h e latter en d o w m ent m akes p erm an en t an annual R esearch Prize th a t D anckw erts had funded him self from 1979 to 1985.
R e s e a r c h a c h i e v e m e n t s D anckw erts s researches, w hich am ply displayed his intellectual pow ers and his skill in theory and in ex perim entation, w ere m ainly concerned w ith two q uite central topics in chem ical engineering: (i) residence-tim e d istrib u tio n s and phenom ena of m ixing; (ii) diffusion processes, especially the ab so rp tio n of gases in liquids.
H is very influential w ork on (i) was largely com plete by 1958. In contrast, his studies on gas ab sorption began in 1949 and co n tin u ed until his death. F or this reason it seem s ap p ro p riate for m e to start this review w ith (i), although it accounts for the sm aller p art of his o u tp u t.
Residence-time distributions and mixing phenomena
C onsider some vessel th ro u g h w hich a fluid is passing at a steady rate. In general the m olecules en terin g th e vessel will n o t all have the same residence tim e. If th e vessel in question is a chem ical reactor, any spread of the residence tim es will tend to reduce the degree of conversion of the reagents. It is therefore an im p o rtan t aspect of the art o f designing continuous reaction processes th at the m agnitude of the effect shall be know n.
I here are, how ever, two lim iting cases th at are p articu larly easy to deal w ith: (a) T h e vessel perhaps approxim ates in shape to a long tu b e ; if the flow is tu rb u len t it may be reasonable to adopt the assum ption of a 'fla t' velocity profile and of uniform fluid pro p erties over any cross section. If it m ay be fu rth e r assum ed th a t th ere is negligible diffusion along the length of th e tu b e, th ere will be ap p ro x im ate equality in the residence tim es of all ingoing m olecules. T h is idealization is referred to as 'p lu g ' or 'p is to n ' flow. ( b)T h e vessel is m echanically stirred and approx in shape to a squat tank. In this case it becom es a good ap p roxim ation to assum e th a t the state of th e fluid is u n ifo rm th ro u g h o u t the volum e of th e vessel, and is th e sam e as the state of the ou tlet fluid. (T h e re is a d isco n tin u ity at the inlet.) U n d e r these circum stances th e age d istrib u tio n of m olecules w ithin th e vessel has the sam e exponential form as applies to radioactive decay.
D an ck w erts's 1953 p ap er (51)# was concerned w ith cases w here n eith er of these idealizations is at all good, and w here experim ental d eterm in atio n of th e age d istrib u tio n w ith in the vessel m u st be m ade by use of tracers. O f course tracer tech n iq u es w ere already fam iliar in physiology, spele ology and so on, b u t the th eo ry of th eir use had n ot been developed system atically before D an ck w erts's paper.
S uppose th a t som e p ro p erty of the ingoing fluid is m ade to un d erg o an a b ru p t change, at zero tim e, from , say, 'w h ite ' to 'r e d '. L et be the fraction of red m aterial in the outflow from th e vessel at th e later tim e t. L et V be the volum e of fluid in the vessel and let v be the volum etric rate of flow. T h e plot of F ( t) against v t / V was called by D a F diagram , and he gave sam ple diagram s for various kinds of system of w hich those exhibiting plug flow and perfect m ixing were the idealized lim iting types.
L et I(t) d t be the fraction of m aterial w ithin the system having, at any instant, ages betw een t and t + dt. Sim ilarly let be t m aterial having, at th e m o m en t of leaving th e system , ages betw een t and t + d t. I and E were called the internal and exit age d istrib u tio n functions respectively, and D anckw erts proceeded to show th at they are related by the equations
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T h ese equations th u s give the relation betw een th e two d istrib u tio n functions and the experim ental q u an tity F. It was also show n th at the average age of the m aterial leaving the vessel was V /v , as was to be expected. D anckw erts w ent on to show th at the same inform ation can be obtained by injecting, alm ost instantaneously, a pulse of tracer substance into the stream entering the vessel. F ro m an experim ental view point this procedure is often m ore convenient than th at discussed above, w here the properties of the ingoing fluid were assum ed to rem ain 'r e d ' for an indefinite period after zero tim e.
T h e foregoing was greatly elaborated in the original paper. U seful * N u m b e rs given in this form refer to entries in the b ibliography at the end of the text.
quantities, designated 'h o ld -b a c k ' and 'seg reg atio n ', w ere defined and w ere applied to flow in pipes, chem ical reactors and blenders. W h at was to prove very stim u latin g to fu rth e r research was D an ck w erts's trea tm e n t of flow th ro u g h packed beds of solids. T h is was a random -w alk pro b lem , such as was already fam iliar from the kinetic th eo ry of gases, and it involved the definition o f an ap p ro p ria te ' diffusivity ' for use in th e partial differential eq u atio n for diffusion. D anckw erts o b tain ed a neat solution to the problem , in term s of the erro r function, for th e case w here th ere is no chem ical reaction, b u t his choice of b o u n d ary conditions becam e the subject of m u ch ard u o u s discussion in the chem icalengineering literatu re. I believe his choice has been generally vindicated. P eter and I w ere in daily co ntact d u rin g this p eriod and I well rem em ber his keenness to test his theoretical results by ex perim ents on full-scale plant. T h e o p p o rtu n ity cam e w hen the Shell C om pany gave perm ission for him to inject a m o m en tary pulse of helium into th e inlet to a fluidized 'c a t-c ra c k e r' reg en erato r at th e Stanlow refinery. T h e helium content of th e exhaust gas from th e reg en erato r was determ in ed , du rin g sum m er vacation experim ents, by use of a m ass sp ectro m eter. T h e useful conclusion was draw n th at the flow of gas th ro u g h the fluidized bed did not d ep art very far from plug flow. S im ilar experim ents were subsequently carried out by P e te r's stu d en ts on a spray d rier at the detergent factory of M essrs T h o m as H edley & Co. L td . V ery in terestingly the results of the tracer studies show ed the existence of a zone of reversed flow w ithin the drier.
It m ight have appeared th a t residence-tim e m easu rem en ts w ould have a big p art to play in calculations of the perform ance of chem ical reactors, one of m y own fields of study. H ow ever, it was show n th a t this is so only in the case of first-o rd er reactions ; for o th er kinds of reaction the d istrib u tio n functions are sufficient only for th e estim ation of u p p er and low er lim its of perform ance. N evertheless, thanks to D an ck w erts's pioneering w ork, a vast literatu re on residence tim es developed, although he him self took little fu rth e r p art in it.
Closely related to the foregoing is the stu d y of , and here again D anckw erts p u t out som e highly original work. H is first tw o papers on the subject (50, 52) developed the idea th a t two distin ct param eters are required to characterize th e 'goodness of m ix in g ' w ithin a m ix tu re of particles. O n the one hand there is the scale of segregation and this is a m easure of the size of the clum ps of the, as yet, im perfectly m ixed com ponents. O n the o th er hand th ere is the intensity of segregation and this is a m easure of the extent to w hich the 'c lu m p s ' differ from each o th er in com position; or, to p u t it m ore precisely, it is a m easure of the d ep artu re of the com position from its average value, as averaged over all points in the m ixture.
D anckw erts pointed o ut th at concentration at a point ' is a m eaningful concept so long as the 'ultim ate p a rtic le s' (i.e. those th at are capable of in d e p en d en t m ovem en t) are sm all com p ared w ith th e volum es of the sam ples taken for analysis. T h is being so, he p roceeded to define his scale and in ten sity of segregation by analogy w ith the statistical th eo ry of tu rb u len ce.
C o n sid er a m ix tu re of p articu late m aterials A and B, and let a and b be th e ir m ean co n cen tratio n s in th e m ix tu re as a w hole. L et a lt bx and b2 be th e ir respective co n cen tratio n s at tw o po in ts, 1 and 2, at a separation r. By using co n cen tratio n s expressed as volum e fractions, one has a + b = 1. T h e coefficient of co rrelatio n betw een these variables is
R (r) (a1-a ) ( a 2-a ) _ (a -a)2 and this falls tow ards zero w ith increasing r.
T h e scale o f segregation can be defined eith er as the linear scale In his papers D anckw erts described how these useful characterizing param eters, S , V and I, m ay be m easured and he discussed th eir practical application. In tw o later papers (55, 56) he w ent on to investigate the interplay of m ixing, on the one hand, and chem ical reaction betw een the com ponents of the m ix tu re, on the other. It was show n how the 'degree of m ixing on the m olecular scale ' could be defined and, m ore im portantly, how it could be m easured. T h is was done w ith second-order chem ical reactions of know n kinetics.
F u rth e r papers on tu rb u le n t m ixing followed, b u t D anckw erts felt th at they did not excite th e in terest they deserved, due (he th o u g h t) to having published them in an u n suitable journal.
Diffusion and gas absorption
D anckw erts's largest body of research, am ounting to about 50 papers, was concerned w ith the rational design of gas-absorption plant. Typically, such plant consists of one or m ore cylindrical tow ers, each perhaps 30 m high and 1 m diam eter, packed w ith earthenw are rings. T h e absorbent liquid enters at the top and flows dow nw ards over the rings, thus m eeting the u p w ard s-risin g gas stream , one or m ore of w hose co m p o n en ts it is desired shall be absorbed in the liquid. T h e design p ro b lem is th a t of p redicting the size of colum n th a t will be sufficient for a specified absorption task, e.g. a specified q u an tity of soluble gas to be absorbed per hour. O f course, in m any cases it m ay be possible sim ply to extrapolate from the know n p erform ance of existing plant. B ut the design p ro b lem to w hich D anckw erts gave im m ense effort was th a t of p red ictio n by using laboratory data only.
W hat is called th e 'film m o d e l' of the ab so rp tio n process was p u t forw ard by W h itm an in 1923, based on some m uch earlier w ork by N ern st. It supposes th at, w ith in the thickness of the liquid flowing dow n over the packing, th ere is a stagnant film of thickness d at the interface w ith the gas. T h is was by analogy w ith the lam inar b o u n d ary layers th at occur at solid-fluid interfaces. It is also supposed th at, at d ep th s w ithin the liquid greater th an d, th ere is sufficient tu rb u len ce w ithin the liquid for the concen tratio n of dissolved gas to be in v arian t w ith dep th . L et its value be c0. Y et an o th er assu m p tio n of this early m odel is th a t th ere is no convection w ith in the stagnant film, w ith the consequence th a t the dissolved gas passes th ro u g h it by diffusion only. If its diffusion coefficient is D , F ick 's law w ould suggest th a t the rate, R , of ab so rp tio n per u n it area of interface should be given bŷ
w here c* is the co n cen tratio n of gas w ithin the liquid im m ediately at the interface. T h is is taken to be the eq u ilib riu m co n cen tratio n at the partial pressure of th e soluble gas, as given for exam ple by H e n ry 's law approxim ately.
In one of his early papers (4) D anckw erts p ointed out th at the film m odel is not very realistic and, in its place, he gave consideration to a surface renewal m odel. T h e existence of the supposed stagnant film was denied and, in its place, it was assum ed th at elem ents of liquid at the g as-liq u id interface are being continuously replaced by m aterial from the interior of the liquid layer w here th e concentration of dissolved gas is c0. T h is replacem ent process may be due eith er to tu rb u len ce w ithin the liquid layer or to the discontinuities th at arise w hen the liquid flows from one piece of the ring packing to the next. Each freshly exposed elem ent of surface starts to absorb gas, b u t at a d im inishing rate as its co ncentration of dissolved gas approaches the satu ratio n value c*. T h e liquid surface is thus seen, in this m odel, as being a m osaic of elem ents having different ages, 6, and in each elem ent the absorption rate will be a tran sien t, as given by the fam iliar solution of F ick 's law in term s of the erro r function.
A special case of this m odel had been proposed by H igbie in 1935, and there it was supposed th at 6 is th e same for each elem ent. T h e distinctive advance m ade by D anckw erts was to replace this unrealistic assum ption w ith the supposition th at the chance of an elem ent c f surface being replaced is in d e p en d en t of its age, i.e. a law of the sam e form as for radioactive decay. H e th u s o b tain ed the average ab so rp tio n rate per u n it area as u -^renew al = (6'* -co) ( D s ) 2, w here si s a h y d ro d y n am ic p aram eter having the in terp reta tio n of being th e fraction of th e area of liq u id surface th a t is replaced, w ith liquid from below , in u n it tim e.
A com parison of th is eq u atio n w ith the p reced in g one, based on th e film m odel, show s th a t each m odel involves a p aram eter, s and d respectively, th a t is n o t readily m easurable. T h u s a direct confirm ation of eith er m odel is a m a tte r of great difficulty. O n th e o th er h an d one m odel m ig h t be p referred to th e o ther by discovering w h eth er the ex perim ental ab so rp tio n rate, R ex p , is m ore nearly p ro p o rtio n al to D or to Z)i U n fo rtu n ate ly the know ledge of the diffusion coefficients of dissolved gases is som ew hat m eagre, and in any case th e ir variation from one gas to an o th er is n o t large enough for an adequate test. A lthough D anckw erts th u s appreciated th a t th ere appeared to be no stro n g experim ental g ro u n d s for p referrin g the one theoretical equation to the o ther, he rem ained convinced th a t the surface renew al m odel was m ore secure in its foundations.
H is confidence was n o t m isplaced for he proceeded to extend the theory to th e case w here the absorbed gas reacts w ith a dissolved substance, and this extension (following a suggestion by M . M . Sharm a) enabled him to obtain fu rth e r evidence. In experim ental w ork (27) he and his co-w orker m easured th e rate of ab so rp tio n of H 2S into aqueous solutions of various am ines, w ith w hich substances the dissolved H 2S reacts alm ost in sta n taneously and com pletely. U n d e r these conditions the rate was show n theoretically to depend on the diffusivity in solution of the p articu lar am ine, as well as of the H 2S, and the n atu re of the dependence p redicted by the surface renew al m odel is q uite different from th at p red icted by the film theory. In the experim ental w ork an approxim ately fourfold variation of th e am ine diffusion coefficient was attained, and the results on the rate of absorption into these different solutions gave strong su p p o rt to the surface renew al m odel.
T h e developm ent of this m odel was D an ck w erts's m ost original co n trib u tio n to the gas ab sorption problem . D u rin g the period 1949-51 he published a n u m b er of other theoretical papers on steady-state and tran sien t diffusion accom panied by chem ical reaction. F ro m 1954 o n w ards he gave m uch m ore of his atten tio n to experim ental w ork and tried out several ingenious devices for the m easurem ent of tran sien t rates of absorption into liquid surfaces of know n area, for periods of up to one second.
H e also sought to establish rational procedures for the design of packed absorption colum ns. In such colum ns the total effective area of liquid surface is usually less than th e geom etrical area of the packing. T w o types of the liquid interface may be distinguished as follows: (i) surface th at is regularly renew ed by the flowing liquid is effective for physical ab so rp tion; (ii) in a region w here the liq u id m otion is sluggish, th e liquid becom es saturated w hen th ere is physical ab so rp tio n of gas and th e region is th u s ineffective; for evaporation of the liquid, how ever, the sluggish region is fully effective.
F o r absorptio n w ith chem ical reaction, areas in category (i) are effective and areas in category (ii) m ay also be effective, d ep en d in g on th e rate and n atu re of the reaction. In a series of pap ers (19, 32, 35, 37) ex p erim en ts are described to m easure these interfacial areas. T h e m eth o d was to use a stirred tank, of know n interfacial area, in com parison w ith a packed colum n in w hich th e interface is p artly stirred (type i) and partly stag n an t (type ii). T h e difficulty of the pro b lem is ap p aren t from som e of the re s u lts : for certain packings the effective interfacial area m ay be only 30 % of the geom etric area (32); and w ith a chem ical reaction in the liquid, the effective interfacial area m ay, for laboratory eq u ip m en t, be ab o u t tw ice the effective interfacial area for physical ab so rp tio n (37). B ut the p ro b lem is less severe for large in d u strial packings: the stag n an t region is evidently a sm aller p ro p o rtio n of the total interfacial area th an for laboratory packings.
Because of its great in d u strial significance, m any of his experim ental studies w ere carried out on C 0 2 absorp tio n into n eu tral and alkaline solutions, and also into solutions in w hich the reaction betw een C 0 2 and w ater is catalysed by arsenite ions, as is done on the in d u strial scale. D u rin g the period 1963-81 his interest, and th at of his form er stu d en t S harm a, becam e focused on the hom ogeneous reaction of dissolved C 0 2 w ith various solutes in aqueous m edia. N o catalyst b e tte r th an arsenite was found, although hypochlorite ion and form aldehyde h y d rate w ere found to have significant catalytic pow er. M u ch effort was also given to studies on the kinetics of th e reaction of C 0 2 w ith various am ines, w hich had been proposed as possible ab sorbents on the ind u strial scale.
In sum m ary I th in k it can be said th a t D an ck w erts's studies on gas absorption had been of great value to th e chem ical in d u stry and had inspired m uch fu rth e r research in university d ep artm en ts at hom e and abroad. H e had n aturally o btained a very com prehensive know ledge of the vast literatu re and this led him to the w riting of his auth o ritativ e w ork Gas-liquid r e a c t i o n s , w hich was pub lish ed in 1970 (31).
R e t i r e m e n t D u rin g his later years in the Shell C hair P eter en d u red m uch illness and had a serious operation in 1974. A lthough this saved his life he continued to suffer ill health and retired from the C hair in 1977.
H is retirem en t was an active one and he did a good deal of jo u rn alismfor exam ple, articles on engineering topics for N ew Scientist and letters to The Times. Also he co ntinued as Executive E d ito r of Chemical Engineering Science up to 1983. M any years earlier he and his wife had o b tain ed a lease on a very in terestin g old house in C am b rid g e, b u ilt on th e site of B arnw ell P riory and now know n as T h e A bbey H ouse. D u rin g his retirem e n t P eter delved w ith im m ense pleasure into its h istory. As th e resu lt of his researches he w rote an illu strated article, en titled 'T h e in h erito rs of B arnw ell P r io r y ', w hich was p u b lish ed in th e Proceedings o f the A ntiquarian Society (1981, pp. 211-234) .
H is death signified a g reat loss to the in tern atio n al co m m u n ity of chem ical engineers, to w hom he had been an o u tstan d in g personality, as well as a highly original th in k er. T h e com plexity of his n atu re was the cause of m u ch fascination to m any w ho knew him . H e was very reserved, p erh ap s due to a su rp risin g shyness, b u t he also had a natu ral forcefulness of character. A t tim es, too, he gave the im pression of a certain aloofness, b u t th is m ay have been on th e surface and n ot an aspect of his tru e n atu re. H e was th u s not an easy perso n to know ; yet th e richness of his responses, even in sm all talk, was one of the sources of the great in terest he aroused in others. C onversation w ith him could be a real delight for, although his style was laconic, the things he said often reflected his distinctive and very enjoyable sense of h u m o u r. B ehind his fun one was always conscious of quite exceptional talents. (R e p rin t not available.) (W ith J. W . Jenkins & G. Place) T h e d istrib u tio n of residence-tim es in an ind u strial fluidised reactor. Chem. Engng Sci. 3, 26. 
